Dielectrophoresis method for trapping and attaching nanoscale double-stranded DNA between nanoelectrodes was developed. The method gives a high yield of trapping single or a few molecules only which enables transport measurements at the single molecule level. Electrical conductivity of individual 140-nm-long DNA molecules was measured, showing insulating behaviour in dry conditions. In contrast, clear enhancement of conductivity was observed in moist conditions, relating to the interplay between the conformation of DNA molecules and their conductivity.
Controlled manipulation of single molecules is a prerequisite for fully understanding their properties as well as for realizing their potential in molecular electronics. At the present, the fabrication of single-molecule devices in nanoscale mostly relies on passive, uncontrollable methods of manipulation such as deposition of the molecules on the substrate or on the fabricated structure. Dielectrophoresis 1,2 (DEP), an active manipulation method utilizing electro-magnetic fields, has been widely applied for microscale objects, 3 e.g., DNA of bacteriophage lambda (λ-DNA). 4−6 In nanoscale, however, Brownian motion poses a challenge: the few successful demonstrations are for trapping nanoscale objects, 7, 8 and for attaching DNA molecules between nanoelectrodes by DC-DEP. 9 Concerning the intriguing question of DNA conductivity, 9−18 there starts to be a consensus that double-stranded DNA (dsDNA) molecules exposed to untreated SiO 2 or mica surfaces, in dry environment or vacuum, are insulating.
19−23 However, the conductivity of DNA on specially treated surfaces, 23, 24 in solutions 25−27 or inside dried films 10 remains open. Also, the effect of humidity on the electrical conductivity of DNA films 28, 29 or constellations of DNA molecules 30, 31 has been discussed recently. The effects of the ambient conditions are related to the intimate connection between the conformation of the molecules and their conductivity.
In the present paper, we report a fully developed AC-DEP technique applicable for trapping, stretching and attaching nanoscale dsDNA molecules between nanoelectrodes. The technique has a high yield and allows transport measurements of single or a few molecules. Electrical conductivity of the trapped, 140 nm long dsDNA molecules was measured. Especially, the effect of humidity was investigated. While dsDNA in dry environment showed insulating behaviour, the molecules in moist conditions showed significantly lower resistances (linear resistance of the order of 100 MΩ) providing the first observation of humidity effects for individual nanoscale DNA molecules.
We fabricated narrow finger-tip type gold electrodes, with a gap of about 100 nm, on a SiO 2 substrate using standard electron beam lithography ( Fig. 1 ; see EPAPS Ref. 32) . We chose to use AC-DEP instead of DC to eliminate undesired electrophoretic effects and to enhance stretching of dsDNA molecules.
4 Double-stranded 414 bp (∼140 nm) long DNA containing a thiol group (-SH) in both ends was fabricated and diluted in Hepes buffer. To optimize the process, we studied the DEP of fluorescent labeled DNA in situ under a confocal microscope The optimal DEP frequency was found to be 750 kHz combined with field strength of ∼10 7 V/m. Electrical DC conductivity measurements of the DNA were done in room temperature (23 • C) both with relative air humidity of about 30 % ('dry' environment) and of 80%-90% ('moist' environment). Tens of samples containing DNA were measured in the dry environment, and they all showed insulating behaviour: I-V curves were linear at small voltages with resistance of about 10 TΩ. These resistance values for dry dsDNA on the SiO 2 surface are in agreement with many recent observations by other groups. 10, 11, 14, [19] [20] [21] [22] 24, 31 In contrast, in moist conditions, several samples showed clear increase in conductivity which was much higher than observed in the reference samples, for which control experiments were done using exactly the same procedure for the DEP and subsequent transport measurements, but using a buffer solution without DNA.
For instance, a sample showing conductivity in humid air was the one with three individual DNA molecules, Fig. 1(d) (Sample I). In dry environment, the resistance was ∼10 TΩ. It dropped to ∼250 MΩ after the sample had been half an hour in moist environment [red circles in Fig. 2(a) ]. After that, the resistance slowly increased during the measurement, resulting to ∼700 MΩ after three hours (blue open circles). This deterioration of conductivity during the measurements is probably due to disturbance of the DNA structure caused by gathering of contaminants from the moist air. 32 After the measurement in moisture, the sample was dried with nitrogen and the resistance increased back to the original dry value. The sample was imaged with AFM right after these measurements confirming that at least two of the DNAs were still properly attached [inset in Fig. 2(a) ]. The material between the electrodes was confirmed afterwards to be dsDNA using confocal microscopy with dsDNA-specific fluorescent labelling.
32 Similar behaviour was observed also in a sample containing a bundle of DNA, Fig. 1(e) (Sample II). The resistance was a few TΩ in dry environment and ∼40 GΩ immediately after applying the moist conditions, but decreased to ∼250 MΩ after the sample had been over ten hours at moist conditions [circles in Fig. 2(b) ]. The increase in conductivity in this case was much slower than in the case of Sample I, furthermore, the resistance stayed the same during the measurements and did not increase as in the case of Sample I. The sample was finally dried and the resistance rose to a few TΩ again. The AFM image in inset of Fig. 2(b) shows that the DNA bundle was still in place after the measurement.
The behaviour of Samples I and II, i.e., resistance dropping to hundreds of MΩ in moist conditions, was observed in five different samples with single or a few DNAs. Such behaviour was never observed in the reference samples, containing no DNA. However, some of the samples containing DNA behaved in a similar way to reference samples, indicating that there is either no DNA properly attached to the electrodes or the DNA is not conducting, e.g., due to being severely deformed. I-V curves from one of the reference samples are shown in Fig. 2(c) . They also show clear difference between the dry and moist environment measurements. However, in moist conditions, the minimum resistance observed for the reference samples was ∼7 GΩ, and the resistance in dry environment was always around 10 TΩ. The number of samples, the double check with AFM and confocal imaging, and the comparison to the reference samples using buffer without DNA provide, altogether, firm evidence for the strong effect of moisture on the electrical conductivity of single nanoscale DNA molecules. Note that the conductance can still be limited by the used hexanethiol -linkers reported resistance of 10 7 − 10
9 Ω.
34
Even when the effect of humidity on the conductiv- ity of individual DNA molecules is evident, the nature of the charge transport cannot be completely determined based on these experiments. In earlier experiments,
28−31
the humidity enhanced conductivity of DNA has been explained by dipole relaxation losses of, 29 or dissociation, i.e., proton transfer through, 28,30 the hydrated water molecules. The first model applies only to AC conductivity. Since reduction-oxidation processes are negligible due to low voltages used in our experiments, 27 buffer salts and the counterions do not contribute to the total steadystate DC-current. Instead, diffusion of the ions to the electrodes, especially in moist environment, causes extra capacitance as seen in Fig. 2 . One more possibility is enhanced electron transport/transfer caused by humidity induced conformational changes in DNA structure. The direct electronic conductivity, by means of overlapping π-orbitals of the base pairs along the molecular axis, is likely to be sensitive to the helical conformation of ds-DNA (Refs. 35 and 36) (the contributions of protons or counterions might also be affected by the deformations). Also magnetic properties of λ-DNA are shown to depend on the conformation of dsDNA. 37 The deformations of the structure can be due to, e.g., ambient conditions such as humidity, or interactions with the substrate surface. 23 For instance, a single dsDNA on graphite appears in its natural B-DNA form at moist conditions, but collapses to a form resembling A-DNA (defected overlap of the π-orbitals) when dried to the surface. 38 [We observed, in dry conditions, reduced height of the dsDNA (∼1 nm compared to the expected 2 nm) corresponding to a deformed state.] Also the contribution of the positive counterions to the electrical conductivity via gating effect has been suggested.
39
In our case, the slower time scale of the conductivity change for DNA bundle (Sample II) vs. single molecules suggests that proton transfer along the dissociated hydrated water layer is not dominant: it would be enough to have water present at the surface of the object, which should happen as fast for a bundle as for a single molecule. The slower conductivity change in Sample II could be a result of slower hydrations of DNA helices inside the bundle. Likewise, the bundle can also keep the moisture inside and protect inner molecules, thus making the B-state more stable, as observed in the measurements. In the samples with individual molecules, the assumed recovery of the helical conformation due to humidity was either much faster, e.g., Sample I, or not successful at all. Also the increase of conductance at moist conditions only in some of the samples suggests the charge transfer mechanism being highly sensitive to the conformation, rather than proton transfer through the water layer on a (deformed) molecule. Our results are consistent with the resistance values observed for λ-DNA (Ref. 25 ) and short duplexes 27 in buffer. This suggests that the hydration layer around the dsDNA in high humidity environment enables similar behaviour than the buffer environment, e.g., maintaining the double helical conformation of B-DNA.
In summary, we have developed a nanoscale AC-DEP technique that has a high yield and provides a platform for reliable transport measurements at the single molecule level. We observed a remarkable increase in the electrical conductivity of 140 nm long (414 bp) ds-DNA molecules with increasing humidity of ambient air, and the observation was confirmed by various reliability checks. 32 Our results also suggest that the change is related to a humidity induced conformational change of the molecular structure and associated with a contribution from electron transfer. Further research is required, however, to identify in detail the contributions from electrons, water ions and counterions.
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